Asbestos induces cytogenetic and genotoxic effects in cultured cell lines in vitro. For fiuther investigations of the fiber-induced cellular changes, electrorotation (ROT) measurements can be used to determine early changes of surface properties and dielectric cellular changes. In the present study, human mesothelial cells (HMC) were exosed to nontoxic concentrations of crocidolite asbestos (1 pg/cm2) for 12, 24, 30, 50, and 72 hr, and were investigated for changes in dielectric properties, morphologic and biochemical changs using ROT measurements, electron microscopy, and flow cytometry, respectively. The results of ROT measurements raled slighdy increased internal conductivity and decreased membrane conductance ofHMC during the first 12 hr of exposure to crocidolite. This may be due to functional changes of ion channels of the cellular membrane. However, after exposures of . 30 hr, reduced internal conductivity and increasd membrane conductance of HMC occurred. These effects may be caused by permeabilization ofthe cell membrane and the leakage of ions into the surrounding medium. The membrane capacitance of HMC is always decreased during exposure of cells to crocidolite fibers. This decreased membrane capacitance may result from the observed reduction in the number of microvilli and from the shrnkage of cells as observed by electron microscopy and flow cytometry. Changes in composition of the plasma membrane were also observed after the labeling of phosphatidylserines (PS) on the cell surface. These observed changes can be related to apoptotic events. Whereas during the first 50 hr of exposure only a small number of HMC with increased exposure of PS on the cell surface was detected by flow cytometry, the dielectric properties of HMC showed marked changes during this time. Our results show that surface property changes of the cellular membrane of HMC as well as interior dielectric change occur after the exposure ofcells to crocidolite fibers. The observed changes are discussed in terms of complex combined cellular effects after amphibole asbestos exposure. Key words apoptosis, crocidolite, electron microscopy, electrorotation, flow cytometry, phosphatidylserine, plasma membrane. Environ Heath Perspec 108: 153-158 (2000 (5) . The investigation of the effects of chemicals and environmental factors on the dielectric behavior of cells is increasingly becoming an area of scientific interest. ROT was used to characterize alterations of dielectric properties of lymphocytes (6), cell membrane changes after viral infection and transformation (7-9) as well as platelet activation (10), biofilms (11) and microbial contamination (12), the effect of chemicals on cells (13), cytoplasmatic dielectric properties (14), different cellular compartments of individual cells (15), and mobile charges on membranes (16). Rotation at physiologic ionic strength (17) and low-frequency ROT of erythrocytes (18) have also been studied. All of these ROT studies were performed using conventional microscopes for rotation measurements. Cell rotation in these studies was measured by "eye and stopwatch." In our laboratories, we developed a computerized automated instrumentation that makes ROT measurements more objective, productive, and comfortable (19) as compared to the conventional techniques. The new instrumentation allows objective measurements with a considerable productivity (-10 cells within one measuring cycle of 10 sec).
The epidemiologic associations between asbestos exposure and malignant lung diseases (pleural mesothelioma, bronchogenic carcinoma) and fibrotic diseases (pleural plaques and asbestosis) are well known (1) . However, the mechanisms linking the exposure of humans to asbestos and the subsequent development of these diseases are largely unknown. Various types of asbestos have been assessed for their genotoxic properties, using karyotypic and morphologic approaches in a number of rodent and human cell lines (4. These studies revealed differences in responses to asbestos in various cell types. Mesothelial cells are the target cells of asbestos-induced mesothelioma. Asbestos induces genotoxic changes and apoptosis in human mesothelial cells [(HMC); (3, 4) ], but until now early changes of surface properties as well as cellular dielectric parameters were not investigated after the exposure of cells to asbestos in vitro. Such investigations can supply more information about morphology and permeability of the cellular membrane and about dielectric parameters of the cytoplasm reflecting ion concentration, polarization of membranes of cytoplasmic compartments (organelles), dielectric relaxation of biomolecules (protein, DNA, amino acid, and small polypeptides), and ionic or protonic displacement along protein structures associated with the cytoskeleton.
Such information can be obtained from electrorotation (ROT) measurements characterizing electrical and dielectrical properties of cells. The ROT of cells is a useful technique for studying the dielectric properties of individual cells under conditions of minimal physiologic damage (5) . The investigation of the effects of chemicals and environmental factors on the dielectric behavior of cells is increasingly becoming an area of scientific interest. ROT was used to characterize alterations of dielectric properties of lymphocytes (6) , cell membrane changes after viral infection and transformation (7) (8) (9) as well as platelet activation (10) , biofilms (11) and microbial contamination (12) , the effect of chemicals on cells (13) , cytoplasmatic dielectric properties (14) , different cellular compartments of individual cells (15) , and mobile charges on membranes (16) . Rotation at physiologic ionic strength (17) and low-frequency ROT of erythrocytes (18) have also been studied. All of these ROT studies were performed using conventional microscopes for rotation measurements. Cell rotation in these studies was measured by "eye and stopwatch." In our laboratories, we developed a computerized automated instrumentation that makes ROT measurements more objective, productive, and comfortable (19) as compared to the conventional techniques. The new instrumentation allows objective measurements with a considerable productivity (-10 cells within one measuring cycle of 10 sec).
The phospholipid content can be measured to analyze changed morphology of the cellular membrane. The two major classes of the plasma membrane (PM) phospholipids, the choline-and aminophospholipids, are distributed asymmetrically between the two leaflets of the PM. Sphingomyelin and phosphatidylcholine make up the majority of the outer leaflet, whereas ethanolamine and serine phospholipids reside predominantly in the leaflet facing the cytosol (20) . Recently it was found that so-called flippases (translocases) flip phosphatidylserines (PS) from the cytoplasm-facing leaflet to the opposite orientation (21) if apoptotic cellular changes occur (22) . Such changes in PM structure can also influence dielectric properties of the cell.
Goodglick et al. (23) studied the membrane-damaging effect of asbestos and suggested that asbestos-induced lipid peroxidation may be part of the damaging mechanisms resulting in apoptosis. Early and late stages of apoptosis can be discriminated depending on the PS content of the plasma membrane. Annexin V is a calcium-dependent phospholipid-binding protein that preferentially binds to PS but shows minimal binding to other phospholipid species on the external surface (24) . During the early stage of apoptosis, PS translocase is inhibited and the increased exposure of PS to the external surface of the cell potentially provides a signal to surrounding phagocytes (25) .
In the current study, we investigated the time course of changes of the plasma membrane and cell interior after the exposure of HMC to crocidolite asbestos. We ROT measurements. The general driving force of the particle rotation is a phase difference between the electric field-induced polarization and the external rotating field. This gives rise to a torque acting on the particle that depends on the frequency of the applied field, the geometry, and dielectic properties of the particle (18, (26) (27) (28) (10, 18, (27) (28) (29) (30) (31) (32) (33) .
We used automated instrumentation for ROT measurements, as described previously (19) . Briefly, the device consists of a microscope with a rotation chamber, a video camera, and a computer that indudes a field generator. Four rectangular signals in phase quadratur are applied to platinum-iridium electrodes to provide a rotating electric field. The cell rotation induced by this field is measured as a function of the field frequency ranging from 1 Hz to 24 MHz. The software developed for automated measurements allowed us to perform the entire operation induding video digitalization, object recognition, tracking, calculation of the rotation speed of single objects, selection of objects, storage, and representation as well as statistic analysis ofthe data.
For ROT measurements, we washed untreated and fiber-treated HMCs twice in sodium chloride solution (conductivity 24 pS/cm) containing glucose to achieve the osmolarity of 300 mOsm. One hundred microliters of this suspension was sealed into the rotation chamber and measured immediately after the settling of the cells. Every point of the rotation curve represented measurements of [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] cells. The ROT spectrum consisted of 15 measuring points and was usually completed within 20-30 min. Cell rotation induced by the applied rotating field was measured as a function of the field frequency ranging from 1.5 kHz to 24 MHz. The measured data were fitted to a function containing two Lorentz functions. Heights and center points of the Lorentz functions were calculated to achieve a minimum deviation to the measured rotation velocity. The Lorentz functions corresponded to the first-order approximation of the theoretical curves, which were too complex for straight fitting of the cell parameters.
The reproducibility of the automated rotation measurement was performed by measuring the same cell population repeatedly (19) . The mean variability over the whole frequency range was approximately 4%.
From the ROT spectrum four dielectric parameters can be derived: specific membrane capacity and conductivity (which reflect membrane thickness, composition, morphologic complexity, and the transport of charge carriers across the membrane) and cell internal conductivity and permittivity (reflecting the electrical mobility of ion species and the combined properties of cytoplasmic water and intracellular barriers to charge movement, respectively). These dielectric properties are derived qualitatively from changes of magnitude and frequency of the antifield and co-field peaks as compared to theoretical curves (18, 27, 28, 34) .
Electron microscopy. For transmission electron microscopy (TEM), treated and untreated cells were fixed with 4% glutaraldehyde in 0.1-M phosphate buffer for 1 hr, washed in the same buffer, and postfixed with 1% OS04. The samples were dehydrated, embedded, polymerized, and sectioned in the usual manner. After the preparation of ultrathin sections with an Ultrotom III (LKB, Sweden) and contrasting with uranyl acetate and lead citrate, the samples were examined in an EM 902A transmission electron microscope (Zeiss, Jena, Germany).
For scanning electron microscopy (SEM), the adherent cell cultures were fixed with 4% glutaraldehyde in PBS for 1 
Results
The ROT spectrum of untreated cells is shown in Figure 1 . Various mammalian cells typically have two rotation peaks: antifield rotation at frequencies below 3 MHz (due to Volume 108, Number 2, February 2000 * Environmental Health Perspectivesthe presence of a nonconducting plasma membrane) and co-field rotation above 3 MHz (as a result of the difference in the dielectric properties of the surrounding medium and the cell interior) (7). The curves presented in Figures 1 and 2 were fitted to get minimal deviation from measured data. The maximal rotation velocity for untreated HMC was found at 15 kHz. After a 12-hr treatment with crocidolite, the antifield peak moved to a frequency of 40 kHz and the rotation speed increased approximately four times (Figure 1 ). The mean relative deviation between the two curves in Figure 1 was 38%. The magnitude of the antifield rotation was increased and the peak occurred at a higher frequency. Furthermore, magnitude and frequency of the co-field rotation were also changed, although to a smaller extent (Figure 1) .
After 30 hr of fiber treatment, the peak shifted to a frequency of 200 kHz (Figure 2 ). The rotation speed of the treated cells decreased up to 75% as compared to that found in untreated cells.
In contrast to the early phase shown in Figure 1 , this later phase was characterized by a decreased magnitude and an increased frequency of the antifield rotation. A decreased membrane capacity was also observed. After 50 hr of exposure to crocidolite, the antifield peak shifted toward the control population. After an exposure time of 72 hr, the difference to the control measurements was only 15%.
Alterations of ROT spectra after crocidolite exposure, as shown in Figures 1 and 2 , are significant corresponding to the variability of the rotation measurements. We measured the same cell population repeatedly to evaluate the variability of the automated rotation measurement. The measurements were compared using the following equations for mean rotation and SD:
where SD = standard deviation for all frequencies; w = rotation speed; and f= frequency. The variability SD/<w> was 4%.
To determine if the observed effects of crocidolite-treated mesothelial cells were typical for this kind of cells, we treated another cell type, Syrian hamster embryo fibroblasts (SHE cells), with crocidolite asbestos under the same conditions. In the later phase after fiber treatment (> 30 hr), there was a significant difference in the dielectric behavior as compared to HMC (Figure 3) . Whereas the frequency of the antifield peak increased for HMC, SHE cells were characterized by a corresponding decrease of frequency. The peak height was decreased in both cases. SEM as well as TEM studies revealed a changed cell surface of HMC after treatment with crocidolite ( Figure 4 ). Long slender microvilli can be observed in the untreated control cells (Figure 4 A, B) . After 12 hr the number of microvilli was already decreased (Figure 4 C, D) and after 48 hr an extensive loss of microvilli was detected in crocidoliteexposed HMC (Figure 4 E, F) . Furthermore, cytotoxic effects were detectable after the exposure of cells to crocidolite asbestos. After an exposure time of > 48 hr, cell shrinkage ( Figure 5 A, C) and bleb formation were observed after the treatment of HMC with crocidolite asbestos. For quantification of cells with a reduced cell size, we performed light scatter measurements. Figure 5 B TEM study of HMC showed a strong phagocytotic uptake of crocidolite fibers by uncoated invaginations of the plasma membrane and the accumulation of fibers inside lysosomes and residual bodies. Membrane accumulations such as myelin structures at the end of fibers inside residual bodies are typical after the uptake of crocidolite fibers. Effects after the exposure of cells to chrysotile (UICC standard) were similar but weaker (data not shown). Typical features of apoptotic cells, such as dehydration of cytoplasm, vesiculation, and bleb formation on the cell surface, fragmentation of nuclei, and chromatin separation, were also observed by TEM in asbestos-exposed HMC (> 70 hr).
A PS plasma membrane asymmetry was detected by flow cytometry in amphibole asbestos-exposed HMC after labeling PS with Annexin V. Within 50 hr after exposure to crocidolite asbestos, annexin V-binding to HMC was measured at a minor extent (16-18%). In the untreated control up to 12% of the cells showed Annexin-V binding [mean, 8.7% ± 2.7%; (Figure 6) ]. An increase (up to 40%) of annexin V-binding to PS can be observed only after 70 hr of exposure to crocidolite ( Figure 6 ). Interestingly, our results after the exposure of HMC to chrysotile (1 pg/cm2) were completely different: The chrysotile data ( Figure 6 ) are shown for comparison. Even after 30 hr of exposure to chrysotile, the number of cells detected by annexin V is significantly higher as compared to the crocidolite-treated cells ( Figure 6 ).
Mesothelial cells exposed to cisplatin (50 pM) for 24 hr were used as the positive control. We detected 58.6 + 10.3% of cells with exposed PS on the surface in the positive control. 
Discussion
Conventional dielectrophoresis and ROT measurements have revealed that significant differences exist in the dielectric properties of cells in different physiologic states (14, (40) , induction of damage to chromosomes (41) and DNA (40) , transformation (42) , and apoptosis (43) . To date, almost nothing is known about early surface property changes of the cellular membrane and interior dielectric changes of asbestostreated cells. In the present study we found that two different phases of ROT spectra existed after the treatment of HMC with crocidolite asbestos. The first phase was detectable after 12 hr and lasted approximately 18 hr. In this early phase after fiber treatment, crocidolite induced an impairment of the membrane charge carrier transposition system followed by an increased interior conductivity and decreased membrane conductivity. In the second phase (> 30 hr exposure), a decreased internal conductivity and an increased membrane conductivity occurred, which can be interpreted as a result of permeabilization of the plasma membrane and leakage of ions into the surrounding medium.
According to the theory of Georgieva et al. (27) , the behavior of the antifield peak in the early phase of the ROT spectra can be interpreted as a result of injury to the plasma membrane charge carrier transposition system (membrane channels, pores, and pumps). This is characterized by a decreased membrane conductance and by increased internal conductivity. Therefore, it is important to consider that the apparent membrane conductivity is composed of a tangential and transverse surface conductance component. However, according to minor changes in the surface charge of cells (and therefore surface conductance), we can assume that alterations of membrane conductivity are mainly represented by the transverse component and thus can be interpreted as a changed transport of charge carriers across the membrane. Changes of magnitude and frequency of the co-field rotation peak confirmed this interpretation of increased interior conductivity. At the same time the internal permittivity decreased; this may be due to increasing viscosity and/or the decreasing mobility of water molecules. According to changes of the antifield and co-field peak, the membrane capacitance was reduced during the first hours after crocidolite exposure. It seems reasonable to interpret this result in a manner similar to those obtained for the later phase, where we also found a reduction of the membrane capacitance. A decrease in the morphologic complexity and/or cell shrinking can be expected to change the membrane dielectric properties before these processes are visible by electron microscopy.
The ROT behavior of HMC 30 hr after treatment with crocidolite was considerably changed as compared to the early phase and can be interpreted as permeabilization of the cellular membrane and its increased conductivity (which reflects the transposition of charge carriers across the membrane). At the same time, the internal conductivity of the cells decreased due to the leakage of ions into the surrounding medium. However, the plasma membrane generally appears to be so well preserved that the cell contents are sealed within the cells. hydrocarbon groups and the number of carbon atoms in the lipid hydrocarbon chain (44) , whereas the contribution of integral proteins to the dielectric properties of the cell membrane is dominated by the nonpolar amino acid residues (45) . The actual total area of membrane covering a cell is larger than we can assume for a smooth surface. This is due to surface features such as microvilli, folds, and blebs. We found a marked reduction in microvilli. However, microvilli that may represent a potential reservoir of membrane material to facilitate cell division and rapid changes in morphology (46) After 50 and 72 hr of exposure to crocidolite, we found the same, albeit clearly reduced, effect on HMC. This reduction can be explained by the incubation procedure. The cell cultures were grown after exposure to fibers, which led to an increased portion of "normal" cells in the later phase.
According to the ROT theory (27, the effect of crocidolite asbestos on SHE cells (control cells) can be interpreted as an increased membrane permeabilization characterized by an increased membrane conductivity and a decreased internal conductivity. This behavior, which has also been found in HMC, seems to be a more general effect of crocidolite independent of the kind of used cells. The opposite effect of crocidolite on the antifield peak frequency of SHE cells as compared to HMC can be explained as an increased membrane capacitance, which is characteristic for increased morphologic complexity. This interpretation is confirmed by the increased peak height and the decreased frequency of the co-field peak after crocidolite treatment. Altogether, the decreased morphologic complexity observed for HMC treated with crocidolite asbestos seems to be a more typical membrane reaction of this cell type. These results are comparable with earlier findings from Kodama et al. (47) and Dopp and Schiffmann (48) . These authors reported differences in genotoxic effects between human and rodent cell lines. An increased appearance of PS at the outer leaflet can influence the dielectric properties of cells, but it may also be related to apoptotic events (49) . Several authors reported on the induction of apoptosis in mesothelial cells by asbestos fibers (43, (50) (51) (52) . Broaddus et al. (43) found that 6% of rabbit pleural mesothelial cells (RPMC) showed an increased annexin-V fluorescence intensity (6%) in flow cytometry analysis after only 2 hr of exposure to crocidolite (concentration, 3 pg/cm2; control level, 2%). After a 6-hr exposure, 10% of early apoptotic cells were measured (control, 3%), and after a 24-hr exposure, 21% of RPMC were apoptotic. Longer exposure times were not investigated.
In the present experiments, only annexin V-and propidium iodide-labeling were carried out. Detection of apoptotic cells requires more biologic end points.
Our results of flow cytometry show that the number of crocidolite-treated HMC with an increased level of PS on the cell surface increases rapidly after a longer exposure time (> 50 hr), but early changes already start after a few hours of exposure. The number of cells with exposed PS at the outer leaflet is relatively high in the untreated control (8-12%) . This is possible because we used adherent cell cultures for our investigations and we had to trypsinize the cultures for flow cytometry studies. Van Expernim tune (hr) Figure 6 . Detection of HMC with exposed PS on the cell surface. HMC were incubated with annexin V (PS binding) and propidium iodide (DNA stain) and measurements were carried out by flow cytometry. (54, 55) . The induction of cellular changes and finally of apoptosis seem to be different and seem to depend on the type of fiber and, possibly, its physical properties.
In conclusion, changes of the dielectric properties of the plasma membrane and the cell interior after the treatment of HMC with crocidolite fibers can be determined from the ROT spectra. The effect of crocidolite fibers on the dielectric behavior of HMC is already detectable after a short exposure time (12 hr 
